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Phosphoinositide 3-kinase (PI3K) participates in extracellular signal-regulated kinase 1 and 2 (ERK1-2)
activation according to signal strength, through unknown mechanisms. We report herein that Gab1/Shp2
constitutes a PI3K-dependent checkpoint of ERK1-2 activation regulated according to signal intensity. Indeed,
by up- and down-regulation of signal strength in different cell lines and through different methods, we observed
that Gab1/Shp2 and Ras/ERK1-2 in concert become independent of PI3K upon strong epidermal growth factor
receptor (EGFR) stimulation and dependent on PI3K upon limited EGFR activation. Using Gab1 mutants, we
observed that this conditional role of PI3K is dictated by the EGFR capability of recruiting Gab1 through Grb2
or through the PI3K lipid product PIP3, according to a high or weak level of receptor stimulation, respectively.
In agreement, Grb2 siRNA generates, in cells with maximal EGFR stimulation, a strong dependence on PI3K
for both Gab1/Shp2 and ERK1-2 activation. Therefore, Ras/ERK1-2 depends on PI3K only when PIP3 is
required to recruit Gab1/Shp2, which occurs only under weak EGFR mobilization. Finally, we show that, in
glioblastoma cells displaying residual EGFR activation, this compensatory mechanism becomes necessary to
efficiently activate ERK1-2, which could probably contribute to tumor resistance to EGFR inhibitors.

Phosphoinositide 3-kinase (PI3K) and the Ras/extracellular
signal-regulated protein kinases 1 and 2 (ERK1-2) are essen-
tial signaling pathways regulating biological and pathophysio-
logical responses to growth factors, cytokines, or hormones.
Each of these pathways is activated by specific mechanisms
involving the recruitment of particular adaptor proteins: clas-
sically, Grb2 and Shc mediate Ras activation by mobilizing the
Ras nucleotide exchange factor Sos, while larger docking pro-
teins, such as insulin receptor substrate-1 or Grb2-associated
binder-1 (Gab1), promote PI3K stimulation by providing bind-
ing sites for PI3K regulatory subunits (26).

Numerous data suggest the existence of intensive cross talks
between these two pathways, yet their molecular interconnections
remain incompletely defined. First, it is well accepted that onco-
genic Ras mutants can stimulate PI3K through physical associa-
tion, which activates PI3K-dependent antiapoptotic processes and
thereby contributes to Ras mutant oncogenicity (5, 9). Con-
versely, PI3K was proposed to participate in ERK1-2 activation,
since different research groups reported that PI3K inhibition pre-
vents ERK1-2 stimulation, notably in response to growth factors
(6, 24, 35, 36). Nevertheless, it is now well established that the
canonical Shc/Grb2/Sos module links receptor tyrosine kinase

(RTK) stimulation to Ras activation independently of PI3K (26,
31). Consequently, an open question is whether or not PI3K
actively participates in ERK1-2 stimulation, a debate regularly fed
by novel discordant reports showing that PI3K inhibition has or
does not have consequences for ERK1-2 activation in response to
growth factor or cytokine stimulation (16, 18, 21, 27, 34). Thus far,
only a few studies have attempted to address this controversy at
the molecular level (6, 24, 35). Their conclusions converged on
the idea that PI3K plays a conditional, signal strength-dependent
function in ERK1-2 activation. Actually, these studies showed
that PI3K is necessary for ERK1-2 activation when cells are stim-
ulated by a small number of RTK molecules (for example, in the
case of cells stimulated with a low dose of growth factor or when
cells express a few molecules of a given RTK). In contrast, in the
case of cells abundantly expressing a certain RTK and stimulated
with a high dose of its ligand, PI3K becomes unnecessary for
ERK1-2 activation (6, 35). This suggested that a compensatory
PI3K-dependent mechanism is capable of promoting efficient
ERK1-2 activation under weak RTK stimulations, a mechanism
becoming redundant with other ERK1-2-activating pathways un-
der strong stimulation. To date, the nature of this PI3K-depen-
dent process has remained largely hypothetical. One of these two
studies suggested that the redundant pathway sequentially in-
volved PI3K, protein kinase C (PKC), and Raf-1, the latter kinase
being located downstream of Ras in the ERK1-2 cascade (6). This
view found support in reports demonstrating that some PKC
isoforms (e.g., PKC�) constitute downstream targets of PI3K and
are capable of stimulating Raf-1 independently of or in parallel to
Ras (1, 28). Nevertheless, the concept that, under RTK stimula-
tion, PKC could promote ERK1-2 activation more efficiently than
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Grb2/Sos is far from being well accepted. In addition, this concept
was not supported by the second study, which proposed that a
compensatory mechanism existed upstream of Ras, even though
this mechanism has remained unknown (35).

To clarify this situation, the aim of this work was to identify
the molecular processes that allow PI3K to participate in
ERK1-2 activation according to signal intensity. Taking advan-
tage of related cell lines with striking differences regarding
PI3K requirement, we observed in this study that a major
signal strength- and PI3K-dependent checkpoint of ERK1-2
activation is located upstream of Ras. This led us to investigate
the role of the Grb2-bound adapter Gab1 and its downstream
partner, the ubiquitous SH2 domain-containing protein ty-
rosine phosphatase Shp2. We and others have previously re-
ported that Gab1 and Shp2 actively participate in Ras/ERK1-2
stimulation in response to epidermal growth factor (EGF),
through different mechanisms (2, 14, 19, 30, 38) (see references
8 and 20 for reviews).

We report herein that, under various experimental condi-
tions, the recruitment of Gab1 and Shp2 by the EGF receptor
(EGFR) follows a signal strength-dependent regulation by
PI3K strictly identical to that exerted by the lipid kinase on
Ras/ERK1-2 activation. Moreover, we observed that this com-
bined conditional regulation is in fact driven by the EGFR
capability of differentially mobilizing Gab1, which is achieved
through Grb2-mediated interactions during strong receptor
stimulation and through an association between PI3K lipid
products and the Gab1 PH domain under low EGFR stimula-
tion. This identifies the Gab1/Shp2 signaling module as a signal
strength-dependent effector of PI3K involved in Ras/ERK1-2
activation, which provides for the first time a molecular expla-
nation of the conditional role of PI3K in this pathway. Most
importantly, we observed that this compensatory mechanism,
capable of promoting Ras activation only in response to a low
level of EGFR stimulation, becomes indispensable to promote
full ERK1-2 activation in tumor cells displaying a residual level
of EGFR stimulation. Considering that this residual activation
contributes to the resistance of certain tumors to EGFR phar-
macological inhibition (12, 15, 17), this study provides a mo-
lecular illustration of this resistance and suggests that targeting
PI3K-mediated recruitment of Gab1/Shp2 may therefore re-
sensitize those cells to anticancer therapies directed against
EGFR.

MATERIALS AND METHODS

Materials. Human recombinant EGF was from Peprotech. The monoclonal
anti-�-actin (catalog no. A5441), anti-Flag tag (catalog no. F3165), and poly-
clonal anti-phospho-ERK1-2 (catalog no. M8159) antibodies were from Sigma.
The polyclonal anti-Gab1 (catalog no. sc-9049), anti-ERK2 (catalog no. sc-154),
anti-Shp2 (catalog no. sc-280), anti-EGFR (catalog no. sc-03-G), anti-Grb2 (cat-
alog no. sc-255), anti-ErbB3 (catalog no. sc-285), and monoclonal anti-Myc
epitope tag (clone 9E10) antibodies were from Santa Cruz Biotechnology Inc.
The monoclonal anti-pan-Ras antibody (catalog no. OP40) was from Oncogene
Research Products, and the monoclonal anti-Shc (catalog no. 06-203) and
anti-V5 (catalog no. 46-0705) antibodies were from Upstate Biotechnology and
Invitrogen, respectively. The monoclonal 4G10 antiphosphotyrosine (anti-pTyr)
antibody was produced in the laboratory. The monoclonal antihemagglutinin
(anti-HA) epitope tag (clone 12CA5) was from Roche. The polyclonal anti-
phospho-Akt (catalog no. 9271S) and anti-phospho-Gab1-Tyr627 (catalog no.
3231) and the monoclonal anti-phospho-EGFR (Tyr 1068; catalog no. 2234)
antibodies were from Cell Signaling Technology. Horseradish peroxidase-conju-
gated antibodies anti-mouse (catalog no. 7076), -rabbit (catalog no. W4011), and

-goat (catalog no. sc-2020) immunoglobulin G (IgG) were from Cell Signaling
Technology, Promega, and Santa Cruz Biotechnology, respectively. LY294002
and wortmannin were from Sigma. AG1478 was from BioMol. Small interfering
RNA (siRNA) targeting Gab1, Grb2, and Shp2 and negative-control siRNA
were purchased from Qiagen (catalog no. 2654736, 300328, 2225902, and
1027310, respectively). Cell culture reagents were from Invitrogen.

Expression plasmids and adenoviruses. The pcDNA3 plasmids encoding Myc-
tagged wild-type (WT) Gab1, Gab1�PH (deleted of its PH domain), or Gab1
mutated on its Shp2 binding site (Gab1-Y627F); the pcDNA6/V5-HisA plasmids
encoding V5-tagged WT Shp2 or catalytically inactive Shp2 (Shp2-C459G); and
the plasmid encoding HA-tagged Ras were already described (10, 19, 36). The
pBat-Flag plasmids encoding WT Gab1 and Gab1 lacking the sites for binding to
Grb2 SH3 domains (Gab1�Grb2) were kindly provided by U. Schaeper (Berlin,
Germany) (25). For adenovirus production, the sequences encoding HA-tagged
EGFR or green fluorescent protein were subcloned into the plasmid pShuttle.
Recombinant adenoviruses were then obtained according to the pAdEasy ho-
mologous recombination system (11).

Cell culture, stimulation, transfection, and adenoviral infection. U87MG,
U251MG (human malignant glioma), HEK293 (human embryonic kidney), and
Vero (monkey kidney) cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum and antibiotics. Before
stimulation, cells were incubated overnight in serum-free medium (24 h in the
case of U87MG cells). Stimulations were performed using 5 or 50 ng/ml of EGF
for 5 min, as indicated. Before stimulation, cells were treated for 15 min with 100
nM wortmannin or 20 �M LY294002 or with 100 nM AG1478 for 30 min, as
indicated.

For transient transfections of Vero cells, subconfluent 100-mm plates were
incubated with 4 ml of DMEM containing 2 �g of total DNA, 16 �l of Lipo-
fectamine, and 24 �l of Plus reagent (Invitrogen). After 3 h of incubation, the
medium was changed to DMEM supplemented with 10% fetal bovine serum and
antibiotics. For transient transfections of HEK 293 cells, subconfluent 100-mm
plates were treated with a mixture containing 6 �l of FuGene6 reagent (Roche)
with 2 �g of total DNA, according to the manufacturer’s instructions. The
mixture was then added to cells incubated in normal culture medium for 24 h,
before serum deprivation and stimulation. For adenoviral infection, subconfluent
plates were incubated for 24 h with 15 infectious particles per cell and then serum
starved overnight and stimulated or not stimulated with EGF as indicated.

siRNA transfection. Forty-percent-confluent 100-mm plates of HEK 293 cells
were treated with a transfection mixture containing 3.4 ml DMEM and 600 �l
Opti-MEM (Invitrogen) containing siRNA (30 nM in a 4-ml final volume) and 9
�l Oligofectamine (Invitrogen). Cells were incubated in the transfection mixture
for 4 h, and then DMEM supplemented with 30% serum and antibiotics (2 ml)
was added to each plate, and cells were again incubated for 24 h and then serum
starved overnight and stimulated or not stimulated with EGF as indicated.

Cell lysis, immunoprecipitations, His-tag affinity precipitation, and immuno-
blotting. Cells were scrapped off in lysis buffer containing 20 mM Tris, pH 7.4,
150 mM NaCl, 10 mM EDTA, 10% glycerol, 1% Nonidet P-40, 10 �g/ml each of
aprotinin and leupeptin, and 1 mM orthovanadate. After shaking for 15 min at
4°C, followed by a 13,000 � g centrifugation for 15 min, soluble material was
incubated with the appropriate antibody for 1 h at 4°C. The antigen-antibody
complexes were incubated with protein A- or protein G-Sepharose (Amersham)
for 1 h and then collected by centrifugation and washed three times with lysis
buffer containing 0.1% Nonidet P-40, 0.1 mM orthovanadate, and 1 �g/ml each
of aprotinin and leupeptin. Proteins were then resolved by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis and immunoblotting using a
standard procedure. Blots were developed using enhanced chemiluminescence
(Amersham Biosciences, Inc.). For direct immunoblotting analysis of crude cell
lysates, cells were directly scrapped off in electrophoresis sample buffer and then
boiled and processed for immunoblotting.

To measure ERK1-2 phosphorylation in transfected cells, cells were trans-
fected with 0.2 �g of DNA encoding Myc-His-tagged ERK1 and 1.8 �g of the
indicated effector protein. After stimulation, cells were harvested in lysis buffer
supplemented with 300 mM NaCl. Soluble material was incubated with 30 �l of
ProBond Resin (Invitrogen) and then washed with lysis buffer supplemented
with 5 mM imidazole. Samples were then analyzed by immunoblotting.

Ras-GTP and GST-Grb2 affinity precipitation assay. The glutathione S-trans-
ferase (GST) fusion protein containing the Ras-binding domain (RBD) of Raf-1
(GST-RBD) (4) and the GST fusion protein containing the Grb2 protein (GST-
Grb2) were expressed in Escherichia coli and extracted using glutathione-Sepha-
rose beads (Sigma) with a standard procedure (3, 37). For Ras-GTP pulldown
experiments, cells were cotransfected with 0.5 �g and 1.5 �g of plasmids encod-
ing HA-tagged Ras and the indicated construct (Gab1 and Shp2), respectively.
Cells were then serum starved and scraped off in 1 ml lysis buffer containing 50
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mM Tris (pH 8.0), 150 mM NaCl, 10 mM MgCl2, 0.5% sodium deoxycholate, 1%
Nonidet P-40, 0.1% SDS, 1 mM phenylmethylsulfonyl fluoride, and 1 �g/ml each
of aprotinin and leupeptin. Cleared lysates were incubated at 4°C for 30 min with
3 �g of GST-RBD bound to glutathione-Sepharose beads. Beads were washed
three times in lysis buffer and then boiled in standard electrophoresis sample
buffer, and proteins were resolved by SDS-polyacrylamide gel electrophoresis
and analyzed by immunoblotting. For Gab1 precipitation with GST-Grb2, the
same protocol was applied, except that cells were transfected with 2 �g of Gab1
constructs, and the cleared lysates were incubated for 2 h with 3 �g of GST-Grb2.

Flow cytometry quantification of cell surface EGFR. Cultured cells were rinsed
and then harvested in phosphate-buffered saline (PBS) containing 2 mM EDTA,
followed by fixation in 1% formaldehyde for 30 min at room temperature and
then incubation for 30 min in PBS containing 1% bovine serum albumin. Cells
were then incubated for 1 h with a monoclonal antibody directed against the
extracellular portion of EGFR (clone LA1; Upstate Biotechnology) diluted 1/100
in PBS-1% bovine serum albumin. After being washed in PBS, cells were stained
with rhodamine phycoerythrine-conjugated anti-mouse IgG (Caltag Laborato-
ries). After being washed with PBS, cells were analyzed with a Coulter XL4 flow
cytometer, with excitation and emission settings at 488 nm and 575 nm, respec-
tively.

Membrane fractions. Membrane fractions were prepared as previously de-
scribed (36). Briefly, cells were scrapped off in hypotonic lysis buffer and then
Dounce homogenized. The homogenate was centrifuged at 100,000 � g for 1 h.
The pellet was dissolved in 1% Triton X-100 lysis buffer and the insoluble
material spun out. This was taken as the solubilized membrane fraction.

RESULTS

Gab1/Shp2 and Ras/ERK1-2 follow the same cell line-spe-
cific regulation by PI3K. We addressed the question of PI3K
intervention in the Ras/ERK1-2 pathway by taking advantage
of two related cell lines from primate kidney, namely, HEK293
and Vero cells, which, despite displaying similar levels of EGF-
induced ERK1-2 activation (Fig. 1A), are characterized by a
profound difference regarding PI3K requirement for ERK1-2
stimulation. Indeed, Fig. 1B (left panels) shows that preincu-
bation of HEK293 cells with PI3K inhibitors has no significant
effect on ERK1-2 phosphorylation induced by 50 ng/ml EGF.
In contrast, in Vero cells (right panels), both inhibitors re-
duced by �50% the ERK1-2 phosphorylation induced by the
same EGF dose. As PI3K inhibitors abolished Akt phosphor-
ylation in both cell lines (Fig. 1B), this disparity could be
allocated to differential contributions of PI3K to ERK1-2 ac-
tivation. Then, to localize which step of the ERK1-2 pathway
was differentially blocked by PI3K inhibitors, we studied Ras
activation, which represents a central position in this pathway.
As shown in Fig. 1C, PI3K inhibitors strongly attenuate EGF-
induced Ras activation in Vero cells (right panels), but they
have no apparent effect in HEK293 cells (left panels).

To identify the molecular explanation of this difference, we
compared the mechanisms of Ras activation in these two cell
lines. First, we verified that the EGF-induced association of the
Shc/Grb2/Sos complex is insensitive to PI3K inhibition in both
HEK293 and Vero cells (data not shown). We then studied the
Gab1/Shp2 module, an alternate signaling pathway involved in
Ras activation. In response to the same EGF dose, Gab1 phos-
phorylation (total in Fig. 1D or specific to the Shp2-binding
site Tyr627 in Fig. 1E) was found to be resistant to PI3K
inhibition in HEK293 (left panels) but strongly sensitive in
Vero cells (right panels). To confirm this observation, we then
examined the influence of PI3K inhibition on the EGF-in-
duced recruitment of Shp2, the tyrosine phosphatase which
mediates Ras activation downstream of Gab1. Shp2 recruit-
ment to activated signaling complexes was assessed by measur-

ing Shp2 amounts in anti-pTyr immunoprecipitates prepared
from control or EGF-treated cells. Figure 1F shows that Shp2
recruitment induced by EGF is highly sensitive to PI3K inhib-
itors in Vero cells, whereas it is insensitive to the same com-
pounds in HEK293 cells stimulated with an identical EGF
concentration. The coimmunoprecipitation of Shc (Fig. 1F,
bottom) (66, 52, and 46 kDa) in these anti-pTyr immunopre-
cipitates was used as a control for a signaling protein recruited
by EGFR independently of PI3K (Fig. 1F, bottom). Taken
together, the Fig. 1 results indicate that Gab1/Shp2 and Ras/
ERK1-2 are both regulated by PI3K in Vero cells and that both
are independent of the lipid kinase in HEK293 cells. This
suggested that when Ras/ERK1-2 requires PI3K, it is because
Gab1/Shp2 recruitment is dependent on PI3K.

Ras/ERK1-2 and Gab1/Shp2 become dependent on PI3K in
HEK293 cells under submaximal EGFR activation. Since
PI3K participates in ERK1-2 activation upon weak, but not
high, EGFR stimulation (6, 35), we hypothesized that this
effect could rely on a PI3K-dependent mobilization of Gab1/
Shp2 as a function of signal intensity. In favor of this view, as
monitored by immunoblotting and by flow cytometry, EGFR
expression and density at the cell surface were higher in
HEK293 cells than in Vero cells (Fig. 2A and B). Moreover,
none of those cells was found to express ErbB3 (Fig. 2C),
supporting the idea of a quantitative difference, rather than a
qualitative one, between those two cell lines in terms of EGF-
induced signaling. Therefore, we hypothesized that under stim-
ulation with a maximal (saturating) EGF dose (50 ng/ml), a
larger number of EGFR molecules was engaged in HEK293
cells than in Vero cells. This was confirmed by monitoring
EGFR autophosphorylation in these two cell lines, since this
phosphorylation is undetectable in Vero cells when blots are
processed to detect a nonsaturating signal in HEK293 cells
(Fig. 2B, pEGFR).

To investigate whether this disparity in EGFR density could
explain the differential requirements for PI3K in these two cell
lines, we modulated the signal strength in each cell line. First,
to dampen down the signal intensity in HEK293 cells, we
stimulated them with a submaximal EGF dose (5 ng/ml). For a
control, we verified that, in comparison with 50 ng/ml EGF, 5
ng/ml led to a decrease of EGFR autophosphorylation (Fig.
2B, pEGFR). Interestingly, this weaker EGF stimulation gave
rise to a similar level of ERK1-2 activation (Fig. 2B, pERK1-
2), suggesting that cells can effectively set up a mechanism to
compensate for lower EGFR engagement and efficiently acti-
vate ERK1-2. Most interestingly, under this condition of lower
stimulation, all markers of Gab1/Shp2 mobilization (Fig. 2F to
H) became strongly sensitive to PI3K inhibition as well as all
parameters of Ras/ERK1-2 activation (Fig. 2D and E). Con-
sequently, these data showed that Gab1/Shp2 recruitment be-
comes dependent on PI3K under weak EGFR engagement.
This regulation thus appears to be identical to that exerted by
PI3K on the Ras/ERK1-2 pathway. In addition, we tried an-
other approach to limit EGFR activation under maximal EGF
dose, by partially inhibiting EGFR activity with AG1478. As
expected, upon stimulation with 50 ng/ml EGF, a 50 nM
AG1478 treatment results in a strong decrease of EGFR phos-
phorylation (Fig. 2I, pEGFR). More interestingly, ERK1-2
phosphorylation is poorly affected by such an EGFR inhibi-
tion, and Gab1 phosphorylation was reduced but not sup-
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FIG. 1. Ras/ERK1-2 and Gab1/Shp2 conform to the same cell line-dependent regulation by PI3K. (A) HEK293 or Vero cells were stimulated
with EGF (50 ng/ml) as indicated and then lysed. Lysate aliquots were then subjected to anti-phospho-ERK1-2 (pERK-1-2) and antiactin
immunoblotting to control gel loading (bottom). (B to F) HEK293 (left panels and graph) or Vero (right panels and graph) cells. (B) Cells were
treated with wortmannin (�W) or LY294002 (�LY) before stimulation with EGF (50 ng/ml) as indicated and then lysed. Lysate aliquots were then
subjected to anti-pERK1-2, anti-phospho-Akt (pAkt), and antiactin immunoblotting to control efficiency of PI3K inhibitors and gel loading,
respectively. For the graphs, measurements of ERK1-2 activation were obtained by a computer-assisted procedure. Data represent means �
standard errors from six experiments. **, P value of 	0.01. ns, no significant difference (paired t test). (C) Cells were treated as described for panel
B and then processed for a Ras-GTP precipitation assay using the GST fusion protein containing the RBD of Raf1 (GST-RBD). The amount of
activated Ras (Ras-GTP) associated with GST-RBD was determined by anti-Ras immunoblotting (top). Bottom, anti-Ras immunoblotting of
corresponding lysates was performed to control the amount of total Ras in each sample. (D) Cells were treated as described for panel B and then
lysed and processed for Gab1 immunoprecipitation (IP Gab1) followed by anti-pTyr (top) and anti-Gab1 (bottom) immunoblotting. (E) Cell lysate
aliquots processed as described for panel B were directly subjected to anti-phospho-Gab1-Tyr627 (top) and antiactin (bottom) immunoblotting.
(F) Cells were treated as described for panel B and then processed for immunoprecipitation of pTyr-containing signaling complexes, using
anti-pTyr antibody (IP pTyr). This was followed by anti-Shp2 (top) and anti-Shc immunoblotting as a control (bottom). Lanes 
Ab: a mock
immunoprecipitation was performed from a 5-min-stimulated cell lysate without adding the primary antibody. Unless otherwise indicated, the
results shown are representative of at least three independent experiments.
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pressed. Most importantly, under this inhibition, the phosphor-
ylations of ERK1-2 and Gab1 become strongly dependent on
PI3K activity (Fig. 2I, pERK1-2 and pGab1). This indicates
that, under limited EGFR engagement, efficient ERK1-2 acti-
vation can occur through a PI3K-dependent mechanism. It
also suggested that Gab1 was involved in this process since
PI3K inhibitors suppressed the residual phosphorylation of
both ERK1-2 and Gab1 that was not blocked by the EGFR
inhibitor.

Ras/ERK1-2 and Gab1/Shp2 become independent on PI3K
in Vero cells overexpressing the EGFR. To further test the
involvement of Gab1/Shp2 in the conditional role of PI3K in
Ras/ERK activation, we modulated the signal strength in Vero

cells by overexpressing EGFR with adenoviral infection. We
set up conditions where the EGFR was only moderately over-
expressed, to prevent its constitutive (EGF-independent) acti-
vation. Under these conditions, EGF-induced ERK1-2 activa-
tion becomes largely resistant to PI3K inhibition (Fig. 3A, top
panel). Most interestingly, Gab1/Shp2 mobilization also be-
comes totally independent of PI3K activation in Vero cells
overexpressing EGFR, as shown by monitoring total Gab1
tyrosine phosphorylation (Fig. 3B, top panel) or its specific
phosphorylation on Tyr627 (Fig. 3A, second panel). The EGF-
induced Shp2 recruitment is also turned into a PI3K-indepen-
dent event under this condition of EGFR overexpression (Fig.
3C). Interestingly, upon similar EGFR overexpression and 5

FIG. 2. Ras/ERK1-2 and Gab1/Shp2 in concert become sensitive to PI3K inhibition in HEK293 cells stimulated with a submaximal EGF dose.
(A) EGFR expression at the surfaces of HEK293 and Vero cells was determined by flow cytometry as described in Materials and Methods.
(B) Vero and HEK293 cells were stimulated or not stimulated with 5 or 50 ng/ml of EGF as indicated and then lysed and subjected to
anti-phospho-ERK1-2 (pERK1-2), anti-phospho-EGFR (pEGFR), anti-EGFR, and antiactin immunoblotting to control gel loading. (C) Lysate
aliquots of Vero, HEK293, and A431 cells were subjected to anti-ErbB3 and antitubulin immunoblotting, as indicated. (D) HEK293 cells were
treated for 15 min with wortmannin (�W) or LY294002 (�LY) before stimulation with EGF (5 ng/ml) as indicated and then lysed. Lysate aliquots
were then subjected to anti-pERK1-2 and antiactin immunoblotting. For the bottom graph, measurements of ERK1-2 phosphorylation were
obtained by a computer-assisted procedure. (E) HEK293 cells were treated as described for panel D and then lysed and processed for Ras-GTP
precipitation using GST-RBD. The amount of activated Ras (Ras-GTP) associated with the beads was determined by anti-Ras immunoblotting
(top). Bottom, anti-Ras immunoblotting of corresponding lysates was performed to control the amount of total Ras in each sample. (F) Cells
treated as described for panel D were processed for Gab1 immunoprecipitation (IP Gab1), followed by anti-pTyr (top) and -Gab1 (bottom)
immunoblotting. (G) Cell lysates were subjected to anti-phospho-Gab1-Tyr627 (top) and antiactin (bottom) immunoblotting. (H) Cells treated as
described for panel D were processed for immunoprecipitation of pTyr-containing signaling complexes by use of anti-pTyr antibody (IP pTyr),
followed by anti-Shp2 (top) and anti-Shc (bottom) immunoblotting. Lanes 
Ab: a mock immunoprecipitation was performed from a 5-min-
stimulated cell lysate without adding the primary antibody. (I) HEK293 cells were incubated or not incubated with the indicated compounds, as
shown, before stimulation with EGF and then lysis. Lysate aliquots were then subjected to immunoblotting with anti-pERK1-2, anti-phospho-
Gab1-Tyr627 (pY627-Gab1), anti-phospho-EGFR (pEGFR), and antiactin antibodies.
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ng/ml EGF stimulation, ERK1-2 activation as well as Gab1
phosphorylation remains sensitive to PI3K inhibitors, showing
that submaximal EGF stimulation, despite nonlimiting EGFR
expression, requires PI3K to promote Gab1 phosphorylation
and ERK (Fig. 3D).

Taken together, the results for Fig. 2 and 3 show that both
Gab1/Shp2 and Ras/ERK1-2 become, in concert, dependent
on PI3K in HEK293 cells stimulated with a submaximal EGF
dose, and both are converted, again in concert, into PI3K-
independent events in Vero cells overexpressing the EGFR.
This attested that Gab1/Shp2 is recruited by PI3K as a function
of signal intensity, a conditional regulation that is strictly iden-
tical to that exerted by PI3K on the Ras/ERK1-2 pathway.
Consequently, this strongly suggested that Ras/ERK1-2 activa-
tion depends on PI3K only when Gab1/Shp2 recruitment
requires PI3K, which occurs only under weak EGFR engage-
ment.

Is Gab1/Shp2 redundant with other pathways for Ras acti-
vation under strong stimulation? Although the involvement of
Gab1/Shp2 in Ras/ERK1-2 activation is well accepted (8, 20),
our above-stated observation that its PI3K-dependent recruit-
ment correlates with ERK1-2 sensitivity to PI3K inhibitors
raises the possibility that Gab1/Shp2 might be necessary to
efficiently activate Ras under weak EGFR stimulation but is
redundant with other Ras-activating pathways under strong
stimulation. To test this possibility, we compared, under dif-
ferent levels of EGFR stimulation, the requirement for Gab1/
Shp2 in Ras and ERK1-2 activation. This was performed with
HEK293 cells stimulated with 5 or 50 ng/ml EGF. To block
Gab1/Shp2, we used the dominant-negative mutants Gab1-
Y627F (lacking the Shp2-binding site) and Shp2-C459G (cat-
alytically inactive). As shown in Fig. 4, transfection of each
mutant significantly repressed Ras activation in response to 5
(Fig. 4A and C) or to 50 (Fig. 4B and D) ng/ml EGF. Similar
effects were observed on ERK1 phosphorylation (Fig. 5A and
B). To further confirm these observations, we used an siRNA
approach to inhibit Shp2 or Gab1 expression and to assess the
consequences on ERK1-2 activation. As shown in Fig. 5C, loss
of Shp2 or Gab1 expression resulted in a significant inhibition
of ERK1-2 phosphorylation under low as well as under high
EGF stimulation. Altogether, these data indicate that the
Gab1/Shp2 module is necessary for Ras activation under low
and high levels of EGFR activation, attesting the nonredun-
dancy of Gab1/Shp2 with other pathways promoting Ras acti-
vation (i.e., Grb2/Sos), even under strong EGFR mobilization.
Thus, this showed that Gab1/Shp2 is necessary for Ras activa-
tion independently of signal strength, which suggested that the
mode of recruitment of Gab1/Shp2 could be regulated by PI3K
as a function of signal intensity.

The EGFR recruits Gab1 through Grb2 under strong stim-
ulation and through the PH domain under low stimulation.
We next tried to understand why Gab1/Shp2 is regulated by
PI3K according to signal strength. We focused on the mecha-
nisms of Gab1 mobilization by the EGFR. Indeed, Gab1, con-
stitutively bound to Grb2, can be recruited through the asso-
ciation of Grb2 to phosphorylated EGFR (8) and through
PI3K, whose lipid product phosphatidylinositol-3,4,5-trisphos-
phate (PIP3) has strong affinity for the Gab1 PH domain and
can attract Gab1 in the EGFR vicinity (13, 22). We hypothe-
sized that if the EGFR recruits Gab1 through the Grb2-de-

FIG. 3. Ras/ERK1-2 and Gab1/Shp2 in concert become resistant to
PI3K inhibition in Vero cells overexpressing EGFR due to adenoviral
infection. (A) Vero cells were infected or not infected with adenovi-
ruses (Ad) encoding HA-tagged EGFR (EGFR-HA) or green fluo-
rescent protein (GFP) at a concentration of 15 infectious particles per
cell, as indicated. Following stimulation with EGF (50 ng/ml) and
treatment with Wortmannin (�W) or LY294002 (�LY) as indicated,
cells were lysed and subjected to immunoblotting with the indicated
antibodies. (B) After infection with adenoviruses encoding HA-tagged
EGFR or no infection (control), Vero cells were treated with wort-
mannin (�W) or LY294002 (�LY) and then stimulated with EGF (50
ng/ml), as indicated. Cells were then lysed and processed for Gab1
immunoprecipitation (IP Gab1), followed by anti-pTyr and anti-Gab1
immunoblotting, as indicated. The middle and bottom panels show
corresponding lysates immunoblotted with anti-HA (HA-EGFR) and
anti-actin antibodies. (C) Vero cells were infected, treated, and stim-
ulated as described for panel B and then processed for immunopre-
cipitation of pTyr-containing signaling complexes (IP pTyr), followed
by anti-Shp2 immunoblotting. The middle and bottom panels show
corresponding lysates immunoblotted with the indicated antibodies.
The results shown are representative of at least two independent ex-
periments performed in duplicate. (D) Vero cells were infected or not
infected with adenoviruses encoding HA-EGFR and then treated as
described for panel A, except that they were stimulated with 5 ng/ml
EGF. Lysate aliquots were then directly subjected to immunoblotting
with the indicated antibodies.
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pendent mechanism under strong receptor stimulation and
through the PI3K-dependent process under weak EGFR en-
gagement, this could explain the signal strength-dependent
function of PI3K in Ras/ERK1-2 activation. To test this hy-
pothesis, we first compared the results indicating whether or
not Gab1 translocation to the plasma membrane was sensitive
to PI3K inhibitors in HEK293 cells under strong or weak
EGFR activation (induced by 50 or 5 ng/ml EGF, respectively).
For 50 ng/ml EGF, we observed that Gab1 was translocated to
the plasma membrane independently of PI3K, suggesting that
Gab1 recruitment occurs essentially through Grb2 under
strong stimulation (Fig. 6A). Quite interestingly, under 5 ng/ml
EGF, the intensity of Gab1 redistribution to the membrane
was similar to that observed under 50 ng/ml, and this translo-
cation was strongly reduced by PI3K inhibitors. This suggests
that a fraction of Gab1 is recruited through PIP3 under low,
but not high, stimulation, leading to identical Gab1 mobiliza-
tions under both conditions.

To further dissect the mechanism of Gab1 recruitment, we

took advantage of two Gab1 mutants, one being deleted of its
PH domain (�PH) and the other being deficient for binding to
Grb2 (�Grb2), and we analyzed their levels of tyrosine phos-
phorylation, as markers of their recruitment, under strong and
weak stimulations. Quite interestingly, Fig. 6B shows that, un-
der 50 ng/ml EGF, the level of Gab1-�PH phosphorylation is
identical to that for WT Gab1. This indicated that, under
strong EGFR stimulation, the PH domain is dispensable for
efficient recruitment of Gab1. For a control, Fig. 5A also shows
that Gab1-�PH phosphorylation is insensitive to PI3K inhibi-
tion, as expected. Quite remarkably, when cells were stimu-
lated with 5 ng/ml EGF (Fig. 6C), Gab1-�PH phosphorylation
was much lower than that of WT Gab1, in sharp contrast with
the results obtained under 50 ng/ml EGF (Fig. 6B). This at-
tested that, under low EGFR activation, the PH domain be-
comes critical to achieve an efficient Gab1 mobilization. Figure
6C also shows, as controls, that the residual phosphorylation of
Gab1-�PH induced by 5 ng/ml EGF is insensitive to PI3K
inhibition, and its level is similar to that of WT Gab1 in cells

FIG. 4. The Gab1/Shp2 module is required for complete Ras activation in HEK293 cells, even under high EGF concentrations. (A) HEK293
cells were cotransfected with plasmids encoding HA-tagged Ras and Myc-tagged Gab1 constructs (WT or mutated on the Shp2 binding site
[Y627F]). After stimulation with EGF (5 ng/ml) as indicated, cells were lysed and incubated with beads bound to a GST-RBD fusion protein or
GST alone, as indicated. The amount of activated HA-tagged Ras associated with the beads was determined by anti-HA immunoblotting
(Ras-GTP, top). The middle and bottom panels show anti-HA-Ras and Gab1-Myc immunoblotting of corresponding lysates to control the
expression levels of HA-Ras and Gab1-Myc constructs, respectively. The graphs show densitometric measurements of HA-Ras-GTP. Data
represent the means � standard errors from three experiments. *, P value of 	0.05 (paired t test). (B) Same experiment as for panel A, except
that cells were stimulated with 50 ng/ml EGF. (C) Same experiment as for panel A, except that cells were cotransfected with plasmids encoding,
instead of Gab1 constructs, V5-tagged Shp2 constructs (WT or mutated on the catalytic site [C459G]), as indicated. (D) Same experiment as for
panel C, except that cells were stimulated with 50 ng/ml EGF.
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treated with PI3K inhibitors, which confirmed that the PI3K-
dependent phosphorylation of WT Gab1 is due to its PH do-
main functionality (22, 36).

From the results shown in Fig. 6B and C, we conclude first
that the Gab1 PH domain is not necessary for Gab1 recruit-
ment under strong EGFR engagement, which is in full accor-
dance with the fact that Gab1 is recruited independently of
PI3K under strong receptor stimulation (Fig. 1B to F, left
panels, 3A to C, and 6A). We also conclude that, under weak
EGFR stimulation, the PH domain becomes crucial for Gab1
recruitment, which is also in total agreement with the obser-
vations that PI3K is required for Gab1 recruitment under weak
mobilization of the receptor (Fig. 1B to F, right panels, 2D to
H, and 6A).

Because these conclusions implied that Grb2 was necessary
and sufficient for recruiting Gab1 under strong EGFR activa-
tion, we verified the ability of Gab1-�PH to bind Grb2. Figure
6D shows that Gab1-�PH was pulled down by GST-Grb2 as
readily as WT Gab1, whereas, as a negative control, Gab1-
�Grb2 was not precipitated by GST-Grb2. Therefore, this was
compatible with the idea that Gab1 is essentially recruited
through Grb2 under strong stimulation, which provides addi-
tional support to the above-stated conclusions.

To further strengthen these conclusions, we finally com-

pared the recruitments of Gab1-�Grb2 under weak and strong
EGFR activation. Quite interestingly, Fig. 6E shows that
Gab1-�Grb2 is not phosphorylated under 50 ng/ml EGF, in-
dicating that Gab1 recruitment is entirely dependent on Grb2
during strong EGFR activation, which fully supports the above
data. In contrast, under 5 ng/ml EGF, phosphorylation of
Gab1-�Grb2 was detected (Fig. 6F), demonstrating that Gab1
can be recruited independently of Grb2 upon weak stimula-
tion. Moreover, Fig. 6F also shows that, under this low stimu-
lation condition, the phosphorylation of Gab1-�Grb2 was
abolished by PI3K inhibitors, indicating that, under weak
EGFR engagement, Gab1 recruitment occurs through a PI3K-
dependent process. Therefore, the interpretation of Fig. 6E
and F fully supports the conclusion that interaction with Grb2
is necessary and sufficient to promote Gab1 recruitment during
strong stimulation of EGFR, whereas the binding of Gab1 PH
domain to PI3K lipid products is critical to efficiently mobilize
the adapter under low engagement of EGFR.

Inhibition of Grb2-mediated Gab1 recruitment creates a
dependence on PI3K for both ERK1-2 activation and Gab1/
Shp2 recruitment. To further strengthen the above-stated con-
clusions, we have tested the effects of Gab1-�Grb2 and Gab1-
�PH on Ras/ERK1-2 activation. Interestingly, these constructs
failed to exert a dominant-negative effect, in contrast with the
Gab1-Y627F mutant (see Fig. S1 in the supplemental mate-
rial). This suggests that those two mutants do not display the
characteristics of dominant-negative mutants, one of the re-
quired features being the capacity to compete with the recruit-
ment of endogenous Gab1. Indeed, as previously reported in
the case of Gab1-�PH, it is likely that, even when Gab1-�Grb2
or Gab1-�PH is overexpressed, it cannot prevent the recruit-
ment of endogenous Gab1 by Grb2 or by PIP3, respectively,
whereas Gab1-Y627F can do it (36).

Consequently, we sought to provide additional evidence that
the importance of PI3K in ERK1-2 activation is inversely re-
lated to the capacity of activated EGFR to mobilize a sufficient
amount of Gab1 through Grb2. We thus performed a different
strategy to block Grb2-mediated Gab1 recruitment, using
siRNA to downregulate Grb2. Figure 7A (third panel) shows
that a treatment of HEK293 cells with siRNA 300328 strongly
reduced, but did not abolish, Grb2 expression, whereas a con-
trol siRNA had no apparent effect. For these treatments, we
monitored ERK1-2 activation and Gab1/Shp2 mobilization in-
duced by 50 ng/ml EGF in the presence of PI3K inhibitors. As
a prerequisite for continuing this strategy, we set up conditions
of treatment with siRNA 300328 (see Materials and Methods)
which allowed a level of ERK1-2 activation comparable to that
for untreated or for control siRNA-treated cells (Fig. 7A, top
panel). This indicated that the residual amount of Grb2 was
sufficient to promote ERK1-2 activation.

Therefore, for these experimental conditions of incomplete
Grb2 silencing, we tested the requirement for PI3K in ERK1-2
activation and Gab1/Shp2 recruitment. Quite interestingly,
ERK1-2 phosphorylation induced by 50 ng/ml EGF was se-
verely repressed by PI3K inhibitors in cells partially deprived
of Grb2 (Fig. 7A, top panel). Moreover, Gab1 tyrosine phos-
phorylation, either as a whole (Fig. 7B) or specific to its
Shp2-binding site (Fig. 7A, second panel), as well as Shp2
recruitment monitored by Shp2 mobilization in anti-pTyr im-
munoprecipitates (Fig. 7C), became strongly sensitive to PI3K

FIG. 5. The Gab1/Shp2 module is required for complete
ERK1-2 activation in HEK293 cells, even under high EGF concen-
trations. (A) HEK293 cells were cotransfected with plasmids en-
coding His-Myc-tagged ERK1 and Myc-tagged Gab1 constructs
(WT or mutated on the Shp2 binding site [Y627F]). After stimula-
tion with EGF (5 or 50 ng/ml) as indicated, cells were lysed and
processed for His-tag affinity precipitation, followed by anti-phos-
pho-ERK1-2 immunoblotting. Corresponding lysates were then
subjected to anti-Myc immunoblotting to control the expression
level of each construct. (B) Same experiment as for panel A, except
that cells were cotransfected with plasmids encoding, instead of
Gab1 constructs, V5-tagged Shp2 constructs (WT or mutated on the
catalytic site [C459G]), as indicated. Associated lysates were then
subjected to anti-V5 and anti-Myc immunoblotting. (C) Cells were
treated or not treated (
) with siRNA against Gab1, Shp2, or a
scrambled sequence (control). Following cell stimulation with EGF
(5 or 50 ng/ml) as shown, lysates were subjected to immunoblotting
with anti-pERK1-2, -Shp2, -Gab1, and -tubulin antibodies.
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FIG. 6. EGFR recruits Gab1 through Grb2 under strong stimulation and through its PH domain under low stimulation. (A) HEK293 cells were
stimulated or not stimulated with EGF (5 or 50 ng/ml) after treatment with the PI3K inhibitors. Membrane fractions were then prepared as
described in Materials and Methods, and samples were analyzed with anti-Gab1 and anti-EGFR immunoblotting to verify that equal amounts of
membrane proteins were present in all samples. (B) HEK293 cells were transfected with constructs encoding Myc-tagged Gab1, either WT or
deleted of its PH domain (�PH), as indicated. Then, following serum starvation, cells were treated or not treated with wortmannin (�W) or
LY294002 (�LY), followed by stimulation with EGF (50 ng/ml) or no stimulation, as shown. Cells were then lysed and processed for Gab1-Myc
immunoprecipitation, followed by anti-pTyr (top) and anti-Myc (bottom) immunoblotting. (C) Same experiment as for panel B, except that cells
were stimulated with 5 ng/ml EGF. (D) HEK293 cells were transfected with constructs encoding Myc-tagged Gab1, either WT or deleted of its
PH domain (�PH), or Flag-tagged Gab1, either WT or mutated on its Grb2-binding sites (�Grb2). After stimulation with EGF (50 ng/ml), cells
were lysed and incubated with beads bound to GST alone (
) or GST-Grb2 protein, as indicated. The amount of Gab1 associated with the beads
was determined by anti-Myc or anti-Flag immunoblotting. Bottom panels, anti-Myc and anti-Flag immunoblotting of corresponding lysates.
(E) HEK293 cells were transfected with Flag-tagged WT Gab1 or Gab1-�Grb2, as indicated. Then, cells were treated or not treated with
wortmannin (�W) or LY294002 (�LY), followed by stimulation with EGF (50 ng/ml), as shown. Cells were then lysed and processed for
Gab1-Flag immunoprecipitation, followed by anti-pTyr (top) and anti-Flag (bottom) immunoblotting. (F) Same experiment as for panel E, except
that cells were stimulated with 5 ng/ml EGF. The data are representative of at least two independent experiments.
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inhibitors in these cells, despite maximal stimulation of EGFR.
Taken together, the Fig. 7 results indicate that, in HEK293
cells stimulated with the highest EGF dose, Grb2 silencing
creates a dependence on PI3K for both ERK1-2 activation and
Gab1/Shp2 mobilization. This further confirmed our finding
that the role of PI3K in ERK1-2 activation is necessary only
when the EGFR is unable to recruit, through Grb2, a sufficient
amount of Gab1/Shp2.

PI3K, upstream of Gab1/Shp2, promotes efficient ERK1/2
activation in glioblastoma cells resistant to EGFR inhibition.
Tumors overexpressing the EGFR, notably glioblastomas, are
frequently insensitive to drugs blocking EGFR kinase activity.
This resistance seems to be due to an incomplete inhibitory
action of these drugs, the residual EGFR activity being suffi-
cient to promote ERK1-2 activation (15, 17). This suggests

FIG. 8. PI3K, upstream of Gab1/Shp2, promotes efficient ERK1/2
activation in glioblastoma cells resistant to EGFR inhibition. (A) Ali-
quots of U87MG and U251MG cell lysates were analyzed by anti-
EGFR and antitubulin immunoblotting. (B to D) U87MG (left panels)
or U251MG (right panels) cells. (B) Cells were treated with wortman-
nin (�W) or LY294002 (�LY) before stimulation with EGF (50
ng/ml) and then lysed. Lysate aliquots were then subjected to immu-
noblotting with the indicated antibodies. (C) Cells treated as described
for panel B were processed for anti-pTyr immunoprecipitation (IP
pTyr), followed by anti-Shp2 immunoblotting (top) and IgG staining to
control the immunoprecipitation and gel loading (bottom). (D) Se-
rum-starved cells were treated with AG1478 before stimulation with
EGF, as indicated. Lysate aliquots were then subjected to immuno-
blotting with the indicated antibodies. (E) U251MG cells were incu-
bated or not incubated with the indicated compounds, as shown, be-
fore stimulation with EGF and then lysis and immunoblotting with the
indicated antibodies. (F) Cells treated as described for panel E were
processed for anti-pTyr immunoprecipitation, followed by anti-Shp2
immunoblotting (top) and IgG staining to control the immunoprecipi-
tation and gel loading (bottom).

FIG. 7. Downregulation with siRNA of Grb2-mediated Gab1 re-
cruitment creates a dependence on PI3K for both ERK1-2 activation
and Gab1/Shp2 recruitment in HEK293 cells maximally stimulated.
(A) Cells were treated or not treated (
) with siRNA against Grb2
(Grb2-300328) or against a scrambled sequence (control). Following
cell treatment with wortmannin (�W) or LY294002 (�LY) or no
treatment (
) and then stimulation with EGF (50 ng/ml) as shown,
lysates were subjected to immunoblotting with the indicated antibod-
ies. (B) Cells were transfected with Grb-2300328 or control siRNA and
then treated with PI3K inhibitors and EGF (50 ng/ml), as described
above. Cell lysates were then processed for Gab1 immunoprecipitation
(IP Gab1), followed by anti-pTyr and anti-Gab1 immunoblotting, as
indicated. For the middle and bottom panels, corresponding lysates
were immunoblotted with anti-Grb2 and antiactin immunoblotting.
(C) HEK293 cells were transfected, treated, and stimulated as de-
scribed for panel B and then processed for immunoprecipitation of
pTyr-containing signaling complexes (IP pTyr), followed by anti-Shp2
immunoblotting (top). The middle and bottom panels show anti-Grb2
and antiactin immunoblotting of corresponding lysates. Data in this
figure are representative of three independent experiments.
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that, upon EGFR inhibition, resistant tumor cells can set up
compensatory mechanisms to maintain efficient ERK1-2 acti-
vation. To define whether PI3K upstream of Gab1/Shp2 could
participate in such mechanisms, we compared the human ma-
lignant glioma cell line U87MG with its close relative
U251MG, which overexpresses the EGFR (32) (Fig. 8A).

First, using PI3K inhibitors, we observed that, in response to
50 ng/ml EGF, ERK1-2 activation, as well as Gab1 phosphor-
ylation and Shp2 recruitment, were altogether strongly depen-
dent on PI3K activity in U87MG cells (Fig. 8B and C, left
panels). In contrast, in U251MG cells, these three parameters
were not significantly sensitive to PI3K inhibition (right pan-
els). These results provide, for other cell types, a supplemen-
tary indication that Ras/ERK1-2 requires PI3K when Gab1/
Shp2 recruitment is dependent of PI3K, which occurs only
under weak EGFR engagement.

We then compared the consequences of EGFR inhibition on
ERK1-2 activation in U87MG and U251MG cells, using
AG1478, a highly specific EGFR inhibitor. Figure 8D (second
row of panels) shows, as a control, that treatment of both cell
lines with AG1478 led to a massive reduction of EGFR auto-
phosphorylation. This EGFR inhibition resulted in an impor-
tant reduction of ERK1-2 phosphorylation in U87MG cells
(Fig. 8D, top left panel), but quite interestingly, it produced an
insignificant effect on ERK1-2 activation in U251MG cells
(Fig. 8D, top right panel). Thus, the latter cells seem to display
the features of resistance to EGFR inhibition.

To determine whether PI3K upstream of Gab1/Shp2 could
participate in this resistance, we assessed the effect of com-
bined AG1478 and PI3K inhibitors on ERK1-2 activation, as
well as on Gab1 and Shp2 recruitment, in U251MG cells. First,
for AG1478 alone, Fig. 8E and F show that this compound
reduced the mobilizations of both Gab1 and Shp2, but only
partially, suggesting that this residual recruitment of Gab1/
Shp2 could somehow participate in promoting ERK1-2 activa-
tion in the presence of AG1478. In agreement with this, and
most interestingly, the EGF-induced Gab1 phosphorylation
and Shp2 recruitment were nearly abrogated under the double
inhibition by AG1478 and PI3K inhibitors (Fig. 8E and F).
This also resulted in a dramatic reduction of ERK1-2 activa-
tion (Fig. 8E, lanes 5 and 7), a decrease which appeared much
more pronounced than a simple addition of the marginal in-
hibitory effect of each inhibitor alone (Fig. 8E, lanes 3, 4,
and 6).

Taken together, these data indicate that in glioblastoma cells
overexpressing EGFR and treated with an EGFR inhibitor,
PI3K becomes critical for both ERK1-2 activation and Gab1/
Shp2 recruitment. This implies that in these cells, the high level
of ERK1-2 activation achieved despite EGFR inhibition re-
sults from the implementation of the PI3K-dependent recruit-
ment of Gab1/Shp2 to efficiently promote ERK1-2 activation.

DISCUSSION

ERK1-2 and PI3K are critical elements of the biological and
pathophysiological functions of growth factors. In this study,
we attempted to solve an open controversy regarding the cross
talk between these pathways. Earlier studies showed that PI3K
plays a signal strength-dependent role in ERK1-2 activation,
but the mechanisms of this conditional regulation remained

unclear. We addressed this question by exploring with different
strategies how related cell lines can display profound differ-
ences regarding their dependence on PI3K for ERK1-2 acti-
vation. We thus obtained several instances of evidence that this
difference is dictated by the ability of EGFR to recruit the
Gab1/Shp2 module through two distinct mechanisms, accord-
ing to signal intensity. Gab1, a major EGFR substrate, was
known to be recruited by the receptor through Grb2- or PI3K-
dependent processes (8, 22, 36). Our current findings indicate
that each of these mechanisms is differentially utilized in the
function of the EGFR stimulation level in order to promote a
significant mobilization of the Gab1/Shp2 pathway under a
high or low level of EGFR engagement, respectively.

Our conclusions are based on the observations that, under a
variety of experimental conditions, PI3K exerts strictly identi-
cal regulations both on Ras/ERK1-2 activation and on Gab1/
Shp2 mobilization. We observed first that Ras/ERK1-2 and
Gab1/Shp2 are both sensitive to PI3K inhibition in Vero cells
and are both resistant in HEK293 cells that contain an EGFR
amount larger than that in Vero cells. Identical observations
were also obtained for glioblastoma cell lines, where both
ERK1-2 activation and Gab1/Shp2 recruitment appeared
strongly sensitive to PI3K inhibition in U87MG cells and re-
sistant to PI3K inhibition in U251MG cells that overexpress
EGFR. In addition, by modulating the level of EGFR stimu-
lation, we have found that both Ras/ERK1-2 and Gab1/Shp2
become, in concert, dependent on PI3K in HEK293 cells stim-
ulated with a submaximal EGF dose and independent of PI3K
in Vero cells overexpressing the EGFR due to adenoviral in-
fection. Finally, in HEK293 cells, silencing Grb2 with siRNA
created a strong dependence on PI3K, again in concert, for
both ERK1/2 activation and Gab1/Shp2 mobilization. Conse-
quently, we propose that Gab1/Shp2 might be considered the
major signal strength-dependent effector of PI3K, which allows
this lipid kinase to regulate the ERK1-2 pathway as a function
of signal intensity.

We explored in detail why the Gab1/Shp2 module displays
this feature. First, we could exclude the possibility that, under
strong stimulation, Gab1/Shp2 becomes redundant with other
Ras-activating pathways. Indeed, two different dominant-neg-
ative mutants of the Gab1/Shp2 module were found to impair
Ras activation under both low and high EGFR stimulation.
siRNA targeting of Shp2 or Gab1 expression also resulted in a
significant inhibition of ERK activation under both conditions.
Thus, it appears that, in parallel with other Ras-activating
pathways (e.g., Grb2/Sos), Gab1/Shp2 is necessary for Ras/
ERK activation independently of signal strength. Therefore,
this suggested that it is the recruitment of Gab1/Shp2 that is
conditionally regulated by PI3K.

Considering the possible roles of Grb2 and PI3K in Gab1
recruitment (8, 13, 22), we thus hypothesized that the EGFR
could recruit Gab1 through Grb2 under strong receptor stim-
ulation and through PI3K under weak stimulation, which could
explain the conditional role of PI3K in ERK1-2 activation.
Supporting this view are our observations that the same
amount of Gab1 was relocalized to the plasma membrane
under low and high EGFR engagement and that this translo-
cation was highly sensitive to PI3K inhibitors only under weak
EGF stimulation. This suggested that a fraction of Gab1 is
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recruited through PIP3 under low, but not high, stimulation,
leading to identical Gab1 mobilizations under both conditions.

Moreover, our study of the behaviors of Gab1 mutants de-
ficient for binding to Grb2 or deleted of the PH domain fully
supports this mechanism. Actually, we observed that Gab1
interaction with Grb2 was necessary and sufficient to promote
Gab1 recruitment during high EGFR stimulation and that,
under low EGFR engagement, the Gab1 PH domain, which
displays specific affinity for PIP3, became essential for efficient
Gab1 mobilization.

Interestingly, we also observed that Gab1-�Grb2 was not
phosphorylated under high EGFR stimulation, whereas it ap-
peared moderately phosphorylated under low EGFR mobili-
zation. This is in accordance with our hypothesis, since we
propose that, under low EGFR stimulation, most Gab1 re-
cruitment occurs through its PH domain. Therefore, Gab1-
�Grb2 should be recruited, which is what we actually observed
in Fig. 6F. In contrast, under high EGFR mobilization, Gab1 is
recruited essentially through Grb2; therefore, Gab1-�Grb2
cannot be recruited, as shown in Fig. 6E. So this behavior of
Gab1-�Grb2 appears to be consistent with the mechanism
described in this paper.

Nevertheless, one may still wonder why, under high stimu-
lation, Gab1-�Grb2 is not recruited through its PH domain.
This same question can be asked in the case of endogenous
Gab1, in which redistribution is not driven by PI3K lipid prod-
ucts under strong stimulation (Fig. 6A). This is certainly not
due to a lack of PI3K activation under high stimulation, since
Akt is readily phosphorylated under this condition (Fig. 1B). A
possible explanation could be that strong stimulations create a
massive recruitment of signaling proteins (including Gab1) in
the EGFR vicinity, which could prevent access to the EGFR by
additional Gab1 molecules potentially recruitable through
PIP3. Another possibility could be that, at a high EGF dose,
Gab1 molecules associated with EGFR through Grb2 also bind
PIP3. The latter association probably does not influence the
recruitment of these Gab1 molecules already associated with
Grb2/EGFR (as suggested by Fig. 6A, high-dose results), but it
could block the access of additional Gab1 molecules to PIP3,
which therefore cannot be recruited. However, further studies
are required to address in detail these questions relevant to the
respective roles of Grb2 and PIP3 in the dynamic of Gab1
recruitment.

Additional evidence in favor of our hypothesis is brought by
the fact that, in HEK293 cells, impairing Grb2-mediated Gab1
recruitment with Grb2 siRNA created a strong dependence on
PI3K for Gab1/Shp2 mobilization, even under full stimulation
by EGF. These experiments thus attested that, when Grb2-
mediated recruitment is not sufficient to promote efficient
Gab1 mobilization (i.e., when EGFR is weakly autophosphor-
ylated or when Grb2 function is impaired), the EGFR must
utilize PI3K to attract Gab1 in its vicinity. Consequently, this
leads to the conclusion that the conditional role of PI3K in
Gab1 recruitment, and hence in Ras/ERK1-2 activation, is in
fact dictated by the ability of EFGR to differentially recruit
Gab1 in function of its level of stimulation.

Most likely, this regulation occurs according to the following
mechanism (schematized in Fig. 9). Under strong stimulation,
the EGFR can mobilize Gab1/Shp2 independently of PI3K
since a large number of EGFR molecules are autophosphory-

lated under this condition. This certainly generates numerous
Grb2-binding sites on EGFR molecules, docking sites which
are capable of massively recruiting Grb2-bound Gab1. In con-
trast, under low stimulation, fewer EGFR molecules are auto-
phosphorylated. Consequently, the number of Grb2-binding
sites is limited. The EGFR must therefore utilize an alternate
process to effectively mobilize Gab1/Shp2. The possibility of
attracting Gab1 through PI3K lipid products presumably rep-
resents a process more efficient, stoichiometrically, than re-
cruiting Gab1 through Grb2. Indeed, while each Grb2-docking
site of EGFR can associate with one molecule of Grb2-bound
Gab1 (at best), PI3K activation in the vicinity of EGFR cer-
tainly results in a large number of PIP3 molecules, preferential
ligands for the Gab1 PH domain. This induces a very efficient
recruitment of Gab1, as shown by previous studies reporting
that PI3K plays a pivotal role in EGFR-mediated Gab1 re-
cruitment (22, 36).

Finally, an important progression brought by this study re-
sides in the observation that this PI3K-mediated compensatory
mechanism can also be used by tumor cells that are resistant to
EGFR inhibition to efficiently activate ERK1-2. Indeed, recent
reports showed that a large proportion of tumors overexpress-
ing EGFR, notably glioblastomas, are not clinically responsive
to EGFR-targeting drugs (e.g., gefitinib) (23). This resistance
may be due to the fact that these compounds fail to fully inhibit
EGFR, which allows a residual EGFR activity in these cells.
Apparently, this residual activity is sufficient to promote effi-
cient ERK1-2 stimulation and tumor development (15, 17). To
improve the clinical efficiency of these drugs, it thus seems
essential to identify the molecular details of this tumor resis-
tance.

This study could significantly contribute to this objective
since we describe herein a compensatory mechanism for Ras/
ERK1-2 activation, i.e., a mechanism from which cells can
escape when signal intensity increases. Indeed, However, our
results show that, when signal strength decreases, the cells are
forced to utilize this PI3K-dependent process to efficiently
activate Ras/ERK1-2. Most importantly, we found that this
mechanism is operational in glioblastoma cells apparently re-
sistant to EGFR inhibition, i.e., cells displaying full ERK1-2
activation in response to EGF even in the presence of an

FIG. 9. Model of conditional activation of Ras/ERK by PI3K. See
Discussion for comments.
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EGFR inhibitor. Indeed, we observed that PI3K inhibitors
dramatically potentialized the inhibitory effect of the EGFR
inhibitor on ERK1-2 activation, while they abolished the re-
cruitment of Gab1/Shp2 (Fig. 8E and F). Moreover, this strong
dependence on PI3K attests that, in cells resistant to EGFR
inhibition, the PI3K-dependent Gab1/Shp2 recruitment cannot
be compensated for by other ERK1-2-activating processes,
strongly suggesting that these cells acquired this resistance
because they had the capacity to implement this PI3K-depen-
dent mechanism. Consequently, we assume that this mecha-
nism could constitute a novel and very attractive pharmaco-
logical target for improving the treatment of tumors resistant
to EGFR inhibition. In favor of this view, a selective inhibitor
of PI3K� was recently found to overcome the resistance of
lung cancer cells to gefitinib (12), even though it is not ex-
cluded at this stage that this effect could be due to blockage of
other PI3K-dependent pathways involved in tumor develop-
ment (29, 33).

In addition to incomplete inhibition of the receptor, resis-
tance of tumor cells to EGFR inhibition can be due to other
mechanisms, such as secondary mutations or mobilization of
other receptors. An interesting illustration of this is the find-
ings that lung tumor cells can amplify the gene encoding the
RTK Met, which then causes gefitinib resistance by driving
ErbB3-dependent activation of PI3K (7), a pathway which can
“bypass” the EGFR/Gab1 pathway to stimulate PI3K. How-
ever, in our study using cultured cells on which we applied
short-term treatment of EGF and/or inhibitors, it is unlikely
that secondary mutations of EGFR could be responsible for
the insensitivity of ERK activation to EGFR inhibition since
we could resensitize the cells using PI3K inhibitors. It is also
improbable that other RTKs are mobilized as we did not ob-
serve any ERK activation in the absence of EGF. Conversely,
whether the mechanism proposed herein could be involved in
cases of EGFR inhibitor resistance due to EGFR-activating
mutations or to mobilization of other receptors appears as an
extremely interesting question.

In conclusion, this study should attenuate the debate on the
involvement of PI3K in ERK1-2 activation by providing for the
first time a molecular explanation of the signal strength-depen-
dent function of this lipid kinase. The mechanism involved is
certainly a rare example of illustration at the molecular level of
how a membrane receptor can activate specific processes accord-
ing to its degree of mobilization, a feature that is certainly not
unique to the EGFR and that probably plays a fundamental role
in the multiplicity of functions of a given RTK. Moreover, this
work suggests that pharmacological targeting of PI3K-mediated
Gab1/Shp2 recruitment may resensitize EGFR-overexpressing
tumors displaying low sensitivity to EGFR inhibition to antican-
cer therapies directed against EGFR.
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